Introduction
The prevalence of obesity in children has reached epidemic proportions. In the U.S., 17.5% of children ages 6 to 11 years were obese in 2011-2014 and in the adolescent years (ages 12 to 19 years), the prevalence reaches 20.5% [1] . This pattern is mirrored in other countries, and in 2010 it was estimated that 43 million children worldwide (35 million children in developing countries) were obese [2] . Orthopedic complications of childhood obesity include Blount's disease and slipped capital femoral epiphysis [3] . The effect of childhood obesity on bone mineral accrual, current fracture risk, attainment of peak bone mass, and risk of osteoporosis later in life is less well understood. As we describe below, some factors contributing to obesity as well as some health consequences of obesity may be detrimental to bone mineral accretion during childhood. Increased fracture risk has been reported for obese children and adults. In addition, obesity occurs in patient populations with other risk factors for poor bone mineral accretion, such as immobility or glucocorticoid exposure, yet the unique technical challenges of bone health assessment in obese children are poorly understood. Here, we highlight the key reasons for clinical concern for bone health in obese children, the technical challenges of clinical bone densitometry in the obese child, and outline a research agenda to address these challenges.
Abstract
The prevalence of obesity in children has reached epidemic proportions. Concern about bone health in obese children, in part, derives from the potentially increased fracture risk associated with obesity. Additional risk factors that affect bone mineral accretion, may also contribute to obesity, such as low physical activity and nutritional factors. Consequences of obesity, such as inflammation, insulin resistance, and non-alcoholic fatty liver disease, may also affect bone mineral acquisition, especially during the adolescent years when rapid increases in bone contribute to attaining peak bone mass. Further, numerous pediatric health conditions are associated with excess adiposity, altered body composition, or endocrine disturbances that can affect bone accretion. Thus, there is a multitude of reasons for considering clinical assessment of bone health in an obese child. Multiple diagnostic challenges affect the measurement of bone density and its interpretation. These include greater precision error, difficulty in positioning, and the effects of increased lean and fat tissue on bone health outcomes. Future research is required to address these issues to improve bone health assessment in obese children.
Patterns of Bone Mineral Accretion in Children
During the first two decades of life, the skeleton expands in length and breadth. Total body bone mineral accrual increases as a result of this expansion, and the thickness and density of bone also increases. These changes occur at a fairly steady pace through childhood, but rapid changes occur during the adolescent growth spurt with close to 40% of total body bone mineral accrual occurring within ±2 years of the adolescent growth spurt [4] . The variability in bone outcomes also increases with age, as shown in Fig. 1 for total body bone mineral content (BMC).
Bone mineral accretion in children is most commonly assessed by dual-energy X-ray absorptiometry (DXA) because of it low radiation exposure, rapid scan time, and widespread availability. DXA is the preferred method for clinical bone health assessment in children [5] . It generates a two-dimensional planar image and provides measures of bone mineral content (BMC, gm), areal bone mineral density (aBMD, gm/cm 2 ), and bone area (cm 2 ). Standard scan sites include the total body, lumbar spine, proximal femur, and forearm. In addition, whole-body scans provide measures of total lean mass, fat mass, percent body fat, and visceral adipose tissue area. Figure 2 shows whole-body scans of an obese and a healthy weight teen of similar age and stature.
Unlike DXA, quantitative computed tomography (QCT) methods provide separate measures of cortical and trabecular volumetric BMD (vBMD), and in the long bones, measures of cortical bone geometry and structural strength such as cortical thickness, periosteal and endosteal circumference, and section modulus. QCT methods are primarily used in the research setting, and have provided more precise insights into the nature of differences in bone structure between obese and non-obese children. A fullsized QCT can be used to measure the axial or peripheral skeleton, and dedicated tabletop peripheral QCT devices are used to measure the radius or tibia. Cross-sectional dimensions of lower limb fat and muscle area can also be obtained from these devices as indicators of body composition. High-resolution peripheral QCT is a technology that has recently become available and provides more detailed measures of bone architecture, such as trabecular thickness and separation, and structural strength from finite element analysis [6] . Figure 3 illustrates peripheral QCT images in obese and healthy weight teens. Similar to DXA measures of BMC and aBMD, vBMD and cortical measures of structure and strength increase at a steady pace until midpuberty and then increase rapidly until adult values are attained [7] [8] [9] .
In general, regardless of the modality used to assess bone health, obese children tend to have larger bones and greater BMC, aBMD, and vBMD than healthy 1 3
weight children [10] [11] [12] . In addition, obese children tend to be taller, to mature earlier, and to have greater lean mass [11, 13] . These are important considerations in evaluating bone health in the obese child, but as yet, we do not have adequate tools for accounting for excess body weight in clinical interpretation of bone health outcomes. Fig. 3 pQCT scans of the distal tibia at the 3% and 38% sites of two 14 year old girls of similar height (same as Fig. 2 ), one who is obese and the other who is healthy weight (BMI < 85th percentile). Shown are the bone and body composition results
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Lean Tissue
Elevated BMI during childhood and adolescence is accomplished by gains in both fat and lean mass. Evidence for the effect of increased BMI on bone mineral accretion is mixed and historically has been limited by cross-sectional design and lack of obese participants. In two recent studies using pQCT and obese participants, increased vBMD was demonstrated in obese adolescents compared to healthy weight controls [11, 13] . In the study conducted by Leonard et al., when the results were adjusted for the effect of lean mass on the association between BMI and vBMD, differences between the groups were attenuated [11] . This suggests that the positive effect of BMI on bone is at least partly mediated through the effect of greater lean mass. Skeletal muscle and the forces it exerts on bone are a well-known determinant of bone strength and accretion. The functional muscle-bone unit model describes the adaptive process of bone accretion in response to exposure to mechanical stresses, in which muscle forces exerted on bone represent the greatest of these physiologic stresses. As muscle mass increases, bone is exposed to increased mechanical loads and responds through processes of modeling and remodeling that lead to osteogenesis [14, 15] . In adolescence, gains in lean mass during the pubertal growth spurt are associated with increased BMC and bone strength though the effect of lean mass is significantly influenced by differences in sex, maturation, race, and age [8, 16, 17] . In the evaluation of the effect of body composition on bone, surrogates of muscle force, including measures of wholebody lean mass from DXA and cross-sectional muscle area from pQCT, have been used to evaluate the association of muscle forces and bone with the assumption that muscle forces are proportional to muscle mass [18] .
Adipose Tissue
Studies examining the association of adiposity with bone mineral accrual and attainment of peak bone mass have yielded conflicting results [10, [19] [20] [21] [22] [23] [24] [25] [26] , perhaps as a consequence of differences in study design, skeletal sites, and statistical methods used to adjust for differences in lean body mass, maturation, and stature.
The pattern of regional fat deposition, including visceral, subcutaneous, and intramuscular adipose tissue, may have important implications for bone outcomes. Gilsanz et al. used QCT to evaluate the associations between abdominal visceral adipose tissue (VAT) and subcutaneous adipose (SAT) with femoral bone outcomes in a cross-sectional study in 100 healthy females, ages 15 to 25 years [21] . VAT and SAT had opposing effects on the appendicular skeleton.
After adjusting for leg length and thigh musculature, SAT was positively associated with cortical bone area while VAT was negatively associated with cortical bone area (all p values < 0.01). These findings suggest that SAT may be beneficial to bone structure, whereas VAT may be a unique pathogenic fat depot. Two studies have examined intramuscular adipose tissue (IMAT) and bone outcomes in crosssectional samples of children who were predominantly of healthy weight. One study of 9-to 12-year-old girls found an inverse association between IMAT and tibia cortical area (p = 0.003) independent of SAT [23] . The other study of late adolescent males and females demonstrated IMAT and SAT were positively associated with tibia cortical periosteal circumference [27] . VAT and IMAT may have negative effects on bone, in part, due to an increased inflammatory cytokine profile and disordered metabolic regulators [28, 29] . Presently, pediatric bone health assessment guidelines [30] do not provide recommendations on how to account for body composition in clinical assessment.
Clinical Considerations in the Evaluation of Bone Health in Obese Children
Physical Activity and Diet
Obesity is a result of energy imbalance whereby energy intake exceeds energy expenditure, and the net difference is stored in the body. Obese children, in general, engage in less moderate-to-vigorous and vigorous physical activity and spend more time engaged in sedentary behaviors than non-obese peers [31, 32] . Indeed, in a prospective longitudinal study of children 11 years of age, followed to age 15, sedentary behavior time was positively associated with increases in BMI for children with BMI above the 50th percentile, but had no relationship to changes in BMI for children with BMI below the 50th percentile [33] . This finding is particularly concerning with respect to bone health and optimizing peak bone mass because of the known, beneficial effects of weight-bearing physical activity on bone mineral accretion [34, 35] .
In addition to excess energy intake, other dietary characteristics common among obese children may be detrimental to bone mineral accretion. High consumption of carbonated sugar-sweetened beverages and low intakes of calcium-rich foods, green vegetables, and fruit typify diets among overweight and obese children [36, 37] . Carbonated beverages may have a directly detrimental effect on bone mineral accretion or their effect may be indirect through displacement of milk as a beverage, resulting in lower calcium intake [38, 39] . Carbonated beverage consumption has also been associated with risk of fracture or recurrent fracture [40, 41] . Diets rich in dairy, green vegetables, resulting in greater intake of calcium, vitamin C, and other nutrients, are associated with better bone mineral accretion in children [42, 43] . In addition, vitamin D deficiency is common in obese children [44, 45] and may contribute to lower calcium absorption. Thus, diet and physical activity may contribute to poor bone health in obese children, and their assessment is an important component in guiding treatment.
Health Consequences of Obesity That May Affect Bone
Obesity has frequently been associated with elevations in circulating levels of proinflammatory cytokines, acute phase reactants, and a chronic, low-grade, systemic inflammatory state [29, 46] . Proinflammatory cytokines, in particular TNF-α, IL-1, and IL-6, are mediators of osteoclast differentiation and promote bone resorption [47] , and are increased in obesity and obesity-related disease [46] . In adults, upregulation of these proinflammatory cytokines has been linked to accelerated bone loss and the development of osteopenia and osteoporosis [29, 47] . Chronic exposure to this proinflammatory cytokine profile during childhood and adolescence is a proposed mechanism for obesity-related deficits in bone development and may explain the relationship between increased intra-abdominal fat depots and lower cortical bone thickness in children as described above (see body composition).
Obesity-related alterations in adipokine secretion, including elevated concentration of proinflammatory leptin and reduced production of anti-inflammatory adiponectin, have been implicated in the relationship between obesity and bone. Adiponectin, inversely correlated with fat, is associated with both osteoblastic activity and bone formation as well as increased bone turnover. Elevated serum adiponectin concentration has been associated with low aBMD in in vivo studies [48] , while in vitro studies suggest that adiponectin is associated with increased bone formation and decreased resorption [49] . The relationship between leptin concentrations, which increase proportionally to fat mass, and bone is also complex and not fully understood. Cross-sectional studies have suggested both positive and negative associations with aBMD in young men [50, 51] . Among children, leptin is higher among those who are obese, and is inversely related to aBMD [52] , as well as cortical porosity of the radius and trabecular thickness of the tibia [53] . The relationship between adipokines and bone in obesity may also be affected by variable pattern of expression of these markers by regional fat deposition [54] .
Abnormalities of glucose metabolism likely affect bone accretion. Increased fracture risk is reported among adults with T2DM, particularly at the hip, despite increased aBMD in adults with T2DM and metabolic syndrome [55] .
When results are adjusted for BMI or height and weight, however, the aBMD differences are attenuated, and in some cases, show significantly lower aBMD in the participants compared to controls [56, 57] . Among children with T2DM, fracture risk is not known. Recent studies in children have established a potential negative effect of insulin resistance and hyperinsulinism on bone outcomes [29, 58, 59] . In the Avon Longitudinal Study of Parents and Children, fasting insulin level was independently and negatively associated with tibia cortical vBMD and periosteal circumference in non-overweight children, mean age 15.5 years, after adjusting for age, height, muscle area, subcutaneous fat, and muscle density [59] . Recently, Kindler et al. demonstrated that greater insulin resistance is inversely associated with the muscle-dependent relationship between IGF-1 and BMC in non-overweight girls and suggested that insulin resistance in children may compromise muscle development [60] . Additional proposed mechanisms for the detrimental effect of insulin include a possible lipotoxic effect on muscle and bone, altered insulin signaling among osteoblasts and impaired bone formation, Type 2 diabetesrelated vitamin D deficiency, as well as impaired musculoskeletal development [59] . As described above, lean tissue is a key determinant of bone health in children, and further research is needed to determine the effects of abnormal glucose metabolism on the functional muscle-bone unit.
Special Pediatric Health Conditions Associated with Obesity and Poor Bone Health
Numerous patient populations have conditions whereby obesity is a disease consequence, and deficits in bone are often related to multiple factors related to the disease itself. These populations also present unique considerations in the assessment of bone health. Duchenne Muscular Dystrophy (DMD) and Prader-Willi Syndrome (PWS) and are two clinical conditions that exemplify special groups that require special handling for placement and positioning for bone density assessment due to factors such as extreme obesity, immobility, fragility, hypotonia, and developmental delay.
Duchenne muscular dystrophy (DMD) is the most common muscular dystrophy of childhood and affects 1 in 3500 males. It is characterized by severe and persistent muscle weakness and loss of muscle mass, leading to immobility, and long-term corticosteroid use is an approved and proven treatment [61] . A tendency toward obesity emerges by early adolescence; a cohort study of 252 steroid-naïve boys reported obesity in up to 54% of participants, followed by a decline in obesity in late adolescence [62] . Several prior studies have described deficiencies in aBMD in this population along with marked increase in fragility fractures [61, 63, 64] . These observed patterns in bone outcomes are due, to some degree, to immobility. The added consequences of corticosteroid treatment are less clear. There is good evidence that corticosteroids can prolong the period of independent ambulation with associated improvements in muscle strength and function [65] . However, the detrimental effects of long-term corticosteroids are cumulative, with greater increases over time being reported in central adiposity, reduced stature, pubertal delay, and bone fragility [64, 66] . Despite the greater incidence of vertebral fracture [67, 68] in this population, there is only limited data demonstrating associated reductions in lumbar spine bone density [64, 69, 70] . In the study by Bianchi et al., greater losses were recorded in areal bone density in boys with DMD taking corticosteroids than those who were steroid naïve [69] . However, once the data were size adjusted, the differences were no longer apparent, suggesting that the reductions were due to short stature rather than poor bone accrual. The lack of association between steroid exposure and vertebral fractures has been reported by others [71, 72] . In contrast, there is a strong relationship between reduced mobility, reduced bone density in the total body, and distal femur and long bone fractures in boys with DMD [73] . The dichotomy between bone density and the relationship between the vertebral fractures and long bone fractures may reflect technical issues or other measures of bone quality not captured by DXA measurements. Further research in this area is needed.
PWS is a neurodevelopmental disorder characterized by severe hypothalamic obesity, hypotonia, growth hormone deficiency, and hypogonadism, all of which have been associated with adverse musculoskeletal development [74] . Most experience incomplete pubertal development and significant deficits in aBMD have been described [75] . Treatment with growth hormone contributes to improved bone density in this group [76] .
Other forms of hypothalamic or neuroendocrine-related obesity have also been evaluated. One study compared children with hypothalamic obesity to children with congenital hypopituitarism and those with simple obesity. All three groups had high bone mass, but were similar in bone density (BMD) after adjustment for body size [77] . Survivors of childhood cancer treated with cranial irradiation often have neuroendocrine complications that result in obesity or altered fat distribution. Anterior hypopituitarism from cranial irradiation can result in deficiencies in growth hormone, gonadotropins (luteinizing hormone/ follicle-stimulating hormone [LH/FSH]), thyroid-stimulating hormone, and adrenocorticotropic hormone. A long-term follow-up of a large cohort (n = 748) found that abdominal obesity was associated with untreated growth hormone and LH/FSH deficiencies, and untreated LH/FSH deficiency was associated with low trabecular volumetric BMD of the spine and muscle deficits [78] . A smaller cohort of allogeneic hematopoietic stem-cell transplantation (alloHSCT) survivors, ages 12 to 25 years, treated with total body irradiation (TBI) demonstrated increased visceral adipose tissue, marrow adiposity, fat infiltration of muscle, and abnormal trabecular architecture despite being similar to controls in BMI values [79] .
The Evidence for Increased Fracture Risk Among Obese Children
The prevalence of fractures in children is high; 30 to 50% of healthy children are likely to experience a fracture by the time they reach adulthood and many children experience multiple fractures [80] . Fracture incidence increases with age during childhood, reaching a peak around ages 10 to 14 in boys and 10 to 13 in girls [81, 82] followed by an age-related decline in late adolescence. The timing of peak fracture incidence occurs just prior to the adolescent growth spurt, and may represent a period of temporal skeletal fragility. Coincidentally, obesity prevalence also begins to rise during this age range.
The suggestion of increased fracture risk in obese children arose in the earliest studies of bone density and fracture in children. Goulding et al. [83] [84] [85] [86] observed that children who had experienced a forearm fracture had greater BMI and/or fat mass than controls. High BMI was also associated with the occurrence of repeated forearm fractures. However, these early studies did not account for mechanism of injury, and may have been biased by the methods used to recruit controls. Cohort studies of healthy children show that sport participation increases the risk of fracture [87, 88] . A case-controlled study of forearm fracture among children presenting with forearm injuries at a single pediatric center did not find increased BMI or fatness among fracture cases [89] . However, a populationbased survey of >900,000 children ages 2 to 19 found increased odds of lower extremity fractures among overweight, obese, and extremely obese children [90] . To fully understand fracture risk in obese children, further study is needed that accounts for site of fracture, mechanism of injury, and other exposures (e.g., glucocorticoid treatment), ideally in combination with bone size and density measures to improve clinical bone health assessment and fracture prevention.
Technical Considerations in the Assessment of the Obese Child
The technical considerations affecting bone health assessment in the obese child include those that pertain to all children, as well as considerations related to increased size and tissue thickness. The issues are summarized in Table 1 and described below.
Size-Related Issues
With an increase in childhood and adult obesity, contemporary DXA scanners now have larger active scan areas and increased maximum patient weight limits (204 kg/450 lb). In the growing child, the greatest technical challenge is the dependence of areal aBMD on size. DXA is a two-dimensional technique which utilizes a planar image to make an assessment of a three-dimensional structure. As such, areal bone density (g/cm 2 ) overestimates true bone density (g/ cm 3 ) in taller children with larger bones and systematically underestimates true bone density in shorter children with smaller bones [91] . The impact of this size artifact was first identified clinically in 2004 by Gafni and colleagues [92] . They reviewed 34 pediatric DXA scans with an initial report of low bone mineral density and found that 88% of the scans had at least one error in interpretation and of these, 15% of the errors were due to inattention of short stature. Methodologies to overcome this issue go back over 20 years. Carter et al. [93] and Kroger et al. [94] both developed size adjustment approaches to use information within the DXA scan; either projected bone area [93] or measured bone width [94] to estimate vertebral depth in order to calculate a bone mineral apparent density (BMAD g/cm 3 ) which was considerably less dependent on bone size and body stature. Over the years, there have been several attempts to adjust for DXA inaccuracies due to variations in body size and composition [95] [96] [97] [98] [99] [100] . However, agreement on how to reduce the size dependence of aBMD and its clinical validity is still ongoing. Recent guidelines recommend using BMAD for the assessment of spine bone density and a height for age-adjusted Z-score (HAZ) for the assessment of total body less head bone density [101] . Both techniques provide successful size adjustment of aBMD, but there is still limited data on whether size-adjusted bone density will predict future fracture risk in children.
In adults, the effect of increased body weight on increased BMD is well established, such that for one DXA manufacturers (GE Lunar) there is the ability to calculate weight-adjusted Z-scores. The weight adjustment in the GE Lunar software increases the mean expected BMD in heavier individuals and lowers the mean expected BMD in lighter individuals. The magnitude of the change is small, roughly 0.003 g/cm 2 (approximately 0.025 SD) but can result in a whole standard deviation difference in a subject weighing 100 kg. However, due to the complex inter-relationships between BMI, aBMD, and fracture risk, the 2013 ISCD guidelines do not recommend this adjustment.
In children, there is only limited data as to the impact of obesity and altered body composition on size adjustment techniques. Given that obese children tend to be taller and have larger bones [13] , the technical size-related issues of DXA are likely to further confound the accuracy of pediatric DXA measurements and therefore have a more pronounced effect on their clinical interpretation. Also, there is some evidence that changing body thickness can alter the measured projected bone area despite the true projected area remaining stable [102] . Accordingly, if technical inaccuracies in the measurement of obese children result in increased bone area measurements without a proportional increase in BMC, then they will have reduced areal BMD Changes in body composition can affect bone density Conflicting reports from in vitro studies testing effect of additional fat on bone outcomes Change in weight can result in change in scan acquisition parameters compared to their peers. The magnitude of soft tissue artifacts in the measurement of bone area, BMC, and areal BMD by DXA in obese children remains to be determined.
Precision
DXA is a quantitative technique often used to measure changes over time. Therefore, it is essential to know the precision of each site measured in order to calculate the smallest detectable differences and accurate time-monitoring intervals. Overall, precision of bone density and body composition by DXA in children is good with %CV values often falling below 1-2% [103] . Nevertheless, several researchers have reported that obesity results in poorer precision particularly for body composition parameters [104, 105] . Among 32 obese and 34 non-obese 6-to 19-yearolds, Wosje et al. found that the smallest detectable difference of absolute fat measured by DXA was 3.3 times higher in the obese versus non-obese child, whereas the smallest detectable difference for percentage fat was 1.5 times lower, reflecting the high absolute values of body fat [105] . Among 144 women with BMIs ranging from 15.5 to 45.9 kg/m 2 , Knapp et al. found that the root mean standard deviation for total body BMD was 18% greater in obese women versus non-obese women [104] . These findings indicate that greater differences or longer time intervals between measurements are required to be certain of detecting any real change.
Positional Errors
One of the sources of poorer precision in obese children is that the larger body size inhibits ideal positioning. Often, trying to fit the obese child within the scan region of the DXA results in an overlapping of adipose tissue and a lack of air spaces for the placement of regional analysis markers, most notably in the trunk region. More recently, a newer acquisition and analysis algorithm has been developed, called the 'hemi-scan.' For DXA hemi-scan acquisition, the child is positioned such that one whole side is measured. The modified analysis tool then uses the data from the completely measured side (routinely the right) to estimate the bone and body composition values for the contra-lateral side. This technique has been shown to have no detrimental effect on machine precision and only a limited effect on measurement accuracy [106, 107] .
Inhomogeneity of Soft Tissue
Bolotin et al. have suggested that the ubiquitous inaccuracies in DXA BMD methodologies are of in vivo anthropometric origin 2001 [108] . Comparison of complex phantom configurations of red and yellow bone marrow mixes and extraosseous mixtures of fat and lean mass resulted in considerable fat-related inaccuracies of DXA [109] . There was an increase in DXA inaccuracy of up to 20% with a decrease in fat mass and an increase in yellow marrow in adults. These inaccuracy errors likely have the greatest impact on older women with less lean mass and more yellow bone marrow, i.e., those most at risk of osteoporotic fractures [110] . The impact of these errors in a pediatric population is, as yet, unknown. The errors arise from the algorithms used by DXA systems to estimate bone and body composition, and the design of these dual-energy systems [111] . The differential attenuation of low-and highenergy photons in the X-ray beam allows for the determination of the relative amounts of bone, bone-free lean, and fat mass in each pixel of the scan area. However, since only two photon energies are used, only two materials can be differentiated at any one pixel (either bone and soft tissue or bone-free lean mass and fat mass). As a consequence, DXA has to use material adjacent to bone tissue to estimate bone-free lean and fat mass within the pixels containing bone. The algorithms assume the adjacent material to be homogeneous for fat and lean tissue. However, when this is not the case inherent inaccuracies occur [112] . Greater yellow marrow will result in reduced bone density, whereas greater proportional fat mass will result in increased bone density.
Tissue Thickness and Beam Hardening
Beam hardening is the preferential attenuation of the lowest energy X-rays at greater tissue depth. Thicker tissues will have lower attenuation coefficients which translate into an over estimation of fat. The Hologic bone densitometer has an internal beam filtering and calibration mechanism to try and overcome this problem but its effectiveness at high obesity levels is unknown [113] .
Cross-Calibration
For longitudinal assessment or multicenter research studies of bone and body composition, it is ideal to obtain all measurements on the same device; however, this is not always possible. Where machine change is necessary, cross-calibration between the old and new machine, or multiple machines, is recommended. Body weight can be a significant but varying source of error between scanners. In a pediatric cross-calibration study between a GE Lunar DPX-L device and a Lunar Prodigy scanner, machine differences were positively related to body weight [114] . In a similar adult study, Blake et al. found that percentage fat and body weight explained up to 40% of the variance in the differences between the two devices [115] . Intrinsically, this varying contribution of body weight to the cross-calibration of DXA devices can result in greater errors for obese than non-obese populations.
Longitudinal Follow-up
As with many of these issues, there is little published work on longitudinal BMD change in the presence of increasing or decreasing body fat. Several simulation studies have shown that the addition of lard, as a surrogate for additional adipose tissue, has a marked effect on bone density values. Evans et al. reported that weight change achieved using exogenous fat (lard) had relatively little effect on bone density measurement [116] . However, Tothill et al. reported greater increases in bone area and decreases in BMC and BMD dependent on the placement of the exogenous fat [102] . An additional consideration in longitudinal studies is that weight gain may result in a change in scan acquisitioning parameters. Generally, it is a good practice to keep all scanning parameters the same for follow-up measurements. However, as children grow and gain weight there may be a need to adapt the scan mode accordingly to afford the most precise and reliable bone density assessment [117] .
Summary and Future Considerations
The pediatric skeleton is sensitive to the health-and behavior-related forces that influence bone mineral accrual, from physical activity to increased inflammatory cytokines. Obesity is associated with both increased fat mass and lean mass, which may have opposing effects on bone outcomes, and, along with the controversial issue of increased fracture risk in obese children, underscore the need for more research of the effects of pediatric obesity on lifelong skeletal health. The technical limitations of DXA and other modalities used to evaluate bone health of obese children are also paramount for improving clinical bone health assessment in the obese child. Consideration for a research agenda are as follows:
• Obese children tend to be taller, mature earlier, and have greater lean and fat mass. How should these factors be considered in clinical interpretation of bone health outcomes? • Diet and physical activity may contribute to development of obesity as well as poor bone health in obese children. Do obese children require specialized diet and physical activity recommendations to maximize bone health and prevent fractures? • Health consequences of obesity such as increased circulating proinflammatory cytokines and abnormalities of glucose regulation likely have harmful effects on bone metabolism in the growing child. Are these characteristics useful in identifying the child at greatest risk for current or future bone fragility, and how are they best assessed? • Studies evaluating bone health outcomes and fracture risk in obese children have produced inconsistent results. Do obese children have greater risk for more serious fractures (such as lower extremity fractures)? Can fracture studies in obese children determine obesity-specific bone density thresholds associated with increased fracture risk? Do factors such as adipose tissue depots and muscle quality affect fracture risk and long-term bone health in the obese child? • Many children with health conditions that contribute to both obesity and poor bone mineral accrual present with challenges that can affect scan acquisition such as extreme obesity, immobility, and developmental delay. What are the optimal scan sites and positioning techniques for clinical bone health assessment in special groups? • Technical factors such as precision, inhomogeneity of soft tissue, effects of tissue thickness and beam hardening, cross-calibration, and longitudinal monitoring are important considerations in clinical assessment, yet these effects are not well understood or sufficiently quantified in general, and in particular, for obese children. For example, how do these technical factors influence bone density estimates in the context of excess weight loss or gain? Future research is needed to assess these effects, to advance clinical bone health assessment in the obese child.
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